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PHOTOGRAPHIC STUDY OF COMBUSTION IN A ROCKET ENGINE
I - VARTATION IN COMBUSTION OF LIQUID OXYGEN AND
GASOLINE WITH SEVEN METHODS OF
PROPELLANT INJECTION

By Donald R. Bellman and Jack C. Humphrey

SUMMARY

Motion plctures at camera speeds up to 3000 frames per second
were taken of the combustion of 1liguid oxygen and gasoline in a
100-pound-thruet rocket engine. The engine consisted of thin
contour and injection plates clamped between two clear plastic
sheets forming a two-dimensional engine with a view of the entire
cambustion chamber and nozzle. A photographlc Ilnvestigatlion was
made of the effect of seven methods of propellent injection on the
uniformity of combustion. .

From the photographs, it was found that the flame front
extended almost to the faces of the injectors with most of the p
injection methods, all the injectlion systems resulted in a
considerable nonuniformity of combustion, and luminoslty rapidly
decreased- in the divergent part of the nozzle. FPressure vibration
records indicated cambustion vibrations that approximately corres-
ponded to the resonant frequencles of the length and the thickness
of the chamber. The combustion temperature divided by the molecular
weight of the combustion gases as determined from the combustion
photographs was about 50 to 70 percent of the theoretical wvalue.

INTRODUCTION

As part of a basic study of rocket combustion, an inveastiga-
tion 1s being conducted at the NACA Cleveland laboratory to
evaluate photographically rocket-design varlables and to obtaln
an insight into the causes of combustion vibrations and asymetric
thrust. Such Pundamental information is needed to provide a sound
basis for designing propellant injectors, combustion-chamber volumes
and shapes, and cooling systems.

~
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The technique of photographing combustion has been used by
several laboratories including the General Electric Company, the -
M. W. Kellogg Company, the Aerojet Engineering Corp., and the
Jet Propulsion Laboratory of the Californis Institute of Technology.
In most of the investigations, the combustion chamber was a small
tube and the transparent materlal was glass or quartz.

The photographic technique developed at the NACA Cleveland
laboratory end applled to a 100-pound-thrust rocket engine from
September to December 1947 for the investigation had three
important features: (1) The entire combustion chamber and the
nozzle were photographed; (2) the combustion chamber and the nozzle
were of uniform thickness to eliminate the effect of nonuniformity
of thickness on luminosity; and (3) a low melting-point materiel
was used for the sides tb prevent the transpsrent material from
becoming luminous and obsouring the combustion pattern.

Motion pictures of combustion in the 100-pound-thrust rocket
englne were taken at camers speeds up to 3000 frames per second.
Runs were mede to determine the effect of seven methods of
propellant Injectlion on the combustlon of ligquid oxygen and
greoline and the results are reported. The resultis are most
favorably observed as a motlon picture projected at normal speeds, .
thus presenting the results as slow motlon plctures.

APPARATUS
Combustion Chamber and Nozzle

An assembled and an unassembled view of the transparent-
sided rocket engine 1s shown in figure 1. The rocket engine
consists of conbtour plates and an InJjection plate having sheets
of transparent materlal held to both sides by means of sultable
spacer blocks and clamping fremes. The contour plateés were copper
with chromium plating on the' inner surface to reduce ercsion by
the combustion gases. For most of the experiments, the trans-
parent sides were made from methylmethacrylate, which is a cleaxr
plastic. This material, like quartz, has excellent resistance %o
thermal shock but for the application of combustion photography 1%
is superior to quartz because the low melting point of the plastic
prevents the walls from becoming luminous and obscuring the com-
bustion pattexrm. The low melting point of the plastic, however,
limite the useful duration of the runs to a few secaonds. Plate
glass was used for some of the preliminary experiments but was ;
unsatisfactory because of low resistance to thermal shock and

luminosity at high temperatures.

JWFIDENTIAE
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Each slde of the rocket consisted of an inmer sheet of
1/4-inch-thick plastic, which wae backed with & 3/4-inch-thick sheet
of plastic in order to withstand the combustion pressures. The
transparent sheets were sealed to the contour plates with asbestos-
type sheet packing.

The cambustion chamber including the nozzle had a uniform
thickness of 1/2 inch and was designed to produce 100 pounds of
thrust with a combustion-chamber pressure of 300 pounds per square
inch absolute. The characteristic length (combustion-chamber
volume divided by throat area) was about 60 inches. The rocket
engine was mounted at a downward angle of 45° to prevent the
accumulation of propellants iIn the chamber in the event of an
ignition fallure. A cambustion pressure tap and vibration pickup
were Instelled through one of the contour plates at about midpoint
of the combustlion chamber.

Injectors

The seven Injectlon systems that were used for injecting the
propellents (1liguid oxygen and gasoline) are dlagramaticelly shown
in figure 2.

The first type of injection system, single Intersecting Jets,
hes single jete of each propellant directed at 45° to0 the center
line of the chamber. The Jets start near the two ends of the

~Injection plate and Intersect on the center line of the engine

about l% inches from the injection plate. For the operating con-

ditions used, the difference in mcmentum of the two streams would
cause & resultant cambined stream to be deflected about 12° from
the center line toward the gasoline-injection side (lower side) of
the rocket engine. A photograph of the contour and injection plates
with this type of injector is shown In figure 3.

The second injection system is the same as the first system
except that two turbulence projections are attached to the chamber
walls about 5-?—: inches from the injection plate to provide a
constriction for producing turbulence. These projections made a
constriction area of cne-half the normel cross-sectional area.

The third injection method, multiple intersecting Jets, is
gsimilar to the first system except that six parallel Jets of each
propellent replace the single jet. The jJets were also directed



4 - OONFIDINTIAL, NACA RM No. ESFO1

at 450 to the center line end again the operating conditions used
cause a resultent combined stream to be deflected 12° towards the
gasollne-injection side of the oombustion chamber.

The fourth injection method is similar to the third system
except for the addltion of turbulence projections as in the second
system. The contour and the injection plates with the multiple
intersecting Jjets and the turbulence projections are shown in
figure 4.

The Enzlan system, which was named after the German rocket in
which it was first used, was the fifth type of injection systen.
Thls syetem consista of single Jets of each propellant impinging
at a conmon spot on en angular plate projecting into the chambex.
One projecting plate end set of propellsnt jetas were placed on each
s8ide of the rocket engine with the igniting flame in the center.
Pigure 5 shows the contour and the injection plates for the Enzlan
method of injectiom.

The impingment plates were removed from the Enzlan syatem to
form the sixth injection method, which will be called two pairs
of intersecting Jets. The propellant streams were directed toward
each other at an engle of 30° with the center line of the engine
end intersected at a point about 3/8 inch from the surface of the

injector.

The seventh injection method wae a premixing type in which
the propellarts were mixed Just before Injection Into the combus-
tion chamber through a tube having en orifice at the chamber end.

Ignlter

The propellants in the early runs were ignited by means of
a gaseous oxygen — alcohol flame which, in turn, was ignited by a
spark plug. The rocket with this igniter attached is shown in
figures 1 and 3. The apparatus did not function properly and
frequently burned out. Later gunpower squibs were ccmmercially
obtained and used for ignition. These squlbs were electrically
ignited and produced & flame about 1 foot in length and had a
burning time of about 4 seconds. Figures 4 and 5 show the squib
holder attached to the injection plate. The gunpowder squlb was
found to be a satisfactory ignition method and was used for all
subsequent runs.

28R
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Propellant Systems

A schematic diagram of the rocket engine with auxiliary
apparatus is shown in figure 6. The gasoline in tank II was
pressurized to 20 pounds per square inch by nitrogen from regu-
lator FF in order to minimize cavitation in the inlet to the pumps.
From the tank, the gesoline flowed through rotameter O to two four-
cylinder, positive-displacement pumps ID, which were coupled to a
single motor EE. The elght pumping strokes were uniformly staggered
to produce a minimum flow variation. From the pump, the gasoline
passed through a series of hydreaullc resistances BB to eliminate
pulsations. The gasollne then flowed elther through propellant
control valve Z and into cambustion chamber V or through relief
valve CC and back into the supply tank. During a run, a pressure
of about 400 pounds per square inch was regquired to send the fuel
into the cambustion chamber and the relief valve was set at a pres-
sure of 900 pounds per square Inch so that no fuel was bypassed
when the propellant comtrol valve Z was open.

The liquid oxygen was stored in a 4-gallon stalinless-steel
tank I located close to the combustion chamber. The tank was
pressurized to 400 pounds per square inch by means of gaseous
oxygen from pressure-reducing valves A and B. From the tank, the
liguid oxygen flowed through a vane-type flowmeter T and propellant
control valve X to combustion chamber V.

In order to stop the combustion quickly after each run,
flushing the liquid-oxygen line with nitrogen was necessary. This
flushing was accomplished by pressurizing tank AA with nitrogen
during the run by means of the three-way solemold valve F. At the
conclusion of each run, the three-way solenoid valve sent the
contents of tank AA into the liquid-oxygen line close to the
injector, which forced any oxygen remaining in the line out through
valve U.

Instrumentation

The thrust stand was of the horizontal parallelogram type
with the horizontal component of the thrust acting on a bar spring
equipped with strain gages. The straln gages were comnected to &
self-balancing resistance-bridge instrument that recorded on a
gtrip chert. The thrust apparatus was calibrated with a bell
crank and a platform scale and was accurate to less than 1 percent.
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Combustion-chamber pressure vibrations were picked up with a
commerclal engine knock indicator of the magnetostriction type and, -
because 1t was a rate-of-change-type instrument, absolute pressures
could not be measured with 1t. The Indicator was connected to an
~osollloscope and & record was obtained on a strip of 35-millimeter
film,

All pressures were measured with standerd gsges having an
acocuracy of about 2 percent. The fuel rotameter was so calibrated
that corrected readings were accurste within 1/2 percent. The
liquid-oxygen flowmeter was acourate to about 7 percent.

s

All of the measurements except thrust and pressure vibrations
wore recorded by photographing an Instrument panel with a camers
at a rate of 3 frames per second. The camera produced a
5-by-5-inch negative from which the various ingtruments were
directly read. The following measurements were taken in this
menner: combustion-chamber pressure, liquld-oxygen-nozzle pressure,
gasoline-nozzle pressure, liguld-oxygen-tank pressure, gasoline-pump
pressure, liquld-oxygen flow, gasoline flow, and time.

Combustion Camera

The combustion photographs were taken with & 16-millimeter
commercial motion-picture camera having & maximum speed of
3000 frames per second. The camera held 100 feet of film, which

allowed an operating. time of about 2%‘ seconds. The film began from

rest at the start of the run and about two-thirds of the film was

used before the camera attained maximum speed. An electronic-wave
generator thet maintained a constant frequency of 1000 cycles per

gecond wag used to mark the film every 1/1000 second. The camera

was placed inside a strong steel box to protect it from damage in

case of a chamber explosion. The photographs were taken through a
thick plastic window mounted on the end of the steel box.
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OPERATING CONDITIONS AND PROCEDURE

Commercial liquid oxygen and 62-octane unleaded gasoline were
used for all runs. The theoretical performence for this propellant
combination has been calculated as follows:

Maximum specific impulse, 1b-8€C/1b . « o« « o « « « « « o « o« . 242
Oxidizer-fuel weight ratio for maximum

gpecific Impulse . . . & ¢ ¢ ¢ ¢ o ¢ o« o o o o o s o o & o »
Stolchiometric oxldizer-fuel weight ratio . . . . . . « ¢« ¢« .+ &
Ratio of specific heats for oxidizer-fuel

welght ratio of 2.5 . . + ¢« ¢+ ¢ & ¢« & o & e e s & o s e o .22
Combustion temperature at oxidizer-fuel weight

ratio of 2.5, R g 51210 9}

2.
3.

5
5

These theoretical calculations were made for a combustion-chamber
pressure of 300 pounds per square Inch absolute; the transparent-
sided rocket engine was designed to produce 100 pounds of thrust at
this combustion-chamber pressure. When & speclific impulse of

180 pound-seconds per pound and an oxygen-fuel weight ratlo of 2.5
were assumed, an oxygen flow of 0.40 pound per second and a fuel
flow of 0.16 pound per second would be required to produce the

100 pounds of thrust. An attempt was made to maintaln these flow
rates for all the ruas.

High-speed motion pictures were taken of combustlon and per-
formence date recorded when the transparent-sided rocket was
operated with each of the seven injection methods previously
described. In operation, the liguld-oxygen flow was started first
and then about 15 seconds was allowed for the oxygen to cool the
lines and the inJjectors and to reach the proper flow rate. The high-
speed cemera was then started slmultameously with the ignition of the
squib. After a delay of 1 second to allow the camera to reach a
suitable speed, the fuel was admitted and combustion started. As
soon as all the film in the camera was exposed, the propellant flow
was stopped end the liguid-oxygen line was flushed with nitrogen.

A1l of the firing operations including shutoff were auto-
matically performed and were started with the closing of a single
switch. Because the camera operated less than 3 seconds, each run

lagted about ﬁz seconds. After each run the inner sheets of the
transparent sides and the squib were replaced.
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RESULTS
General Performance Dats

The experimental and the calculated data for 19 runs made with
the transparent-sided rocket engine are presented in table I. The
photographically recorded date glven in this table are those from
the frame showing the higheat cambustion-chamber pressure for the
run. The time during the run that this frame was taken approxi-
mately corresponds to the peak thrust. During a few runs, no
combustlon-chamber-pressure reading was obtained and for these runs
the data taken about 1 second after the start are shown. The material
burned from the plestic walls was not consldered when the specific-
impulse calculations were made. The loss ln welght of the plastic
walls In the combustion-chamber sectlon was estimated at 15 %o
20 percent of the total propellant flow. Considerable variation
exlats in the performance between repeated runs as well as dbetween
runs having different inJjection systems. These variations could be
caused by any or all of the following conditioms: (1) inaccuracy
of the instrumentation caused by rapild ¢ o8 In measured quantlities,
(2) variation in the propellant flows, and 3) variations in the rate
of wall decomposition and throat enlargement. During each run, the
plastic sides at the throat burned away to a depth of about 1/4 inch,
whereas elsewhere only about 1/16 inch of materlial disappeared. The
rapid enlargement of the throat prevented stable conditions from
being reached and caused the thrust and the combustion-chamber pres-
sure to decrease rapidly after reaching a meximum. Because stable
conditions were never attained, the accuracy of thrust, combustion-
chamber pressure, and other measurements was reduced.

Obgervations from Combustion Fhotographs

Starting cheracteristics. - At the start of most runs, a amall
flame appeared in the vicinity of the intersectiom of the propellant
jets. This flame swelled end diminished in an irreguler end uneven
manner during the time it was extending to £ill the combustion
chamber. In many runs about 1/2 second was required for the flame
to fill the entire chamber and to become relatively stable. In
gseveral runs in which the squib was fired simultaneously with the
admission of the fuel instead of 1 second earller, the start
consisted of a series of explosions occurring throughout the entire
chamber. Figure 7 shows a sequence of pictures from such a run. In
these cases, stable combustion was sometimes attained in as little
as l/lO gecond but frequently the transparent sides failed to with-

stand the explosions.
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Single intersecting Jjets. - When the single intersecting Jets
were used without the turbulence projections, combustion took plece
throughout the entire chamber but nonlumlnous pockets repeatedly
appeared near the intersectlon of the jets and flowed toward the
nozzle along the center line. A series of frames showlng a typical
nonluminous pocket as it Tlowed toward the nozzle is shown in fig-
ure 8. There was no uniformity in successlve pockets, which asppeared
at irregular intervals. The pockets all moved at about the same rate,
however, and remalned in the middle sectlion of the chamber.

Single intersecting jets with turbulence projections. - The
addition of the turbulence projections to the rocket engine egquipped
with the single intersecting Jets eliminated the nonluminous pockets
that flowed along the center line and created a tendency for a
gtationary pocket to be formed along the upper edge between the
turbulence projection and the nozzle. TFigure ¢ shows combustion
under such conditions. For run 3, the two corners near the injec-
tion plate were inadvertently blocked out by a gasket on the outside
of the combustion chamber.

Multiple intersecting jets. - The multiple intersecting Jjets
when used without the turbulence projections tended to create
nonluminous pockets along the upper and lower edges of the chamber
and in the vieinity of the injectors. Frames from three runs with
this injection system are shown in flgure 10. The photographs
from runs 7 and 8 show typlcal configurations of the flame. There
is a large dark area in the vicinity of the injectors and the flame
does not closely follow the edges of the chamber. The photographs
from run 10 show a conflguration that was obtained In only one out
of six runs with this type of injection. Here the flame extends to
the injector faces.

Multiple intersect ets with turbulence projections. -~ The
use of the turbulence projections with multiple intersecting Jjets
caused the combustion to take place muich more uniformly throughout
the chamber. In general, the fleame extended to the injectors and
to the chamber edges in most places. Photographs from two such runs
are shown in figure 11. Run 12 hed e high thrust (113 1b) and the
flame appeared to be unusually uniform throughout. FRun 14 had some
dark areas, which were probably caused by the low oxygen flow, and
the thrust (72 1b) was quite low. It is thus indicated that the
turbulence projections had a different effect with the multiple Jets
than with the single Jets. The use of the turbulence projections
with the single intersecting jets caused the combustion to be less
uniform and to break away from the wall in places, whereas the use of
the turbulence projections with the multiple Jets tended to eliminate
the dark areas along the edges and near the lnjectors.
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Enzlan-type injection. ~ Combustion with the Enzian-type
injector, which has jets of each propellent impinging on a projec-
tion, is shown In figure 12. In both runs made with this injection
systemn, dark areas continuously streamed from the tip of each
impingement plate. A large dark pocket also remained at the entrance
to the nozzle end another near the injection plate.

Iwo pair of Intersecting jets. - When the impingement plates
were removed from the Enzlan injection system leaving two sets of
gingte intersecting Jets, the thrust remalned quite low in each of
two runs. The combustion during these runs is shown In figure 13.
Run 17 appears quite simllar to those with the Enzlan injection
system, whereas run 18 shows an unusual separation along the center
of the chamber,

Premixing jets. - When the premixing-type nozzles were used,
the run started in the usual manner and steady combustion was reached
in about 0.16 second. Combustion was quite normal for about the
next 0.14 second and then the propellant mixture in the injectors
detonated and demolished the lnjectors and commecting tubes. A
veriocd of Intense brightness exlsted throughout the entlre combus-
tion chamber lasting about 5 mllliseconds at the time of the
explosion. The combustion chamber itself suffered no damage. During
the apparently normal portion of the run, a dark area extended alung
the upper contour-plate edge of the chamber but at a slight distance
from it, as can be seen in figure 1l4. A second run with the :
premixing-type injectors resulted in a similar explosion of the
injectors but no combustion photographs were taken.

DISCUSSION

The various combustlion photographs have shown that the flame
front does not start at the intersection of the Jets but extends
closs to the point where the propellants enter the chamber. With
the multiple intersecting jets without the turbulence projections
and with the Enzian-type injection, noticeable dark areas existed
around the nozzle. With all other injection systems investigated,
the flame seemed to extend to the injector faces.

All the injection systems investlgated showed considerable
nonuniformity of combustion. The single intersecting Jjets without
the turbulence projections, the multiple intersecting Jets with the
turbulence projections, and the premixing Jets gave the most uniform
combuetion petterns. Although the data are not sufficlently

NI DENTTAL T
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extensive and accurate to determine the effect of the nonuniformity
of combustion of rocket performance, the assumption that a uniform
combustion 1s the most desirable is logical.

Most of the photographs showed a great deal of stratification

et the throat and the plestlic was burned to a lesser depth behind

the dark streaks then behind the bright areas. This effect is
demonstrated in figure 15 by comparing a photograph of the combustion
during one of the runs with the plastlic plate from that run. On one
side of the nozzle throat, the fiame burned completely through the
1/4-inch-'bhick inner plate and slightly into the backing plate; on
the other side, the plastic was burned to a maximum depth of only

3/ 16 inch. The combustion photograph shows that the side having the
large nonluminous area was the side that was not burned so deeply.
Thus nonuniform flow through the nozzle with the possibility of
asymmetric thrust forces 1ls Indlcated.

The luminosity of the gases decreases very rapldly as the gases
pass into the divergent section of the nozzle and ls probably caused
by a decrease in both temperature end demsity. Even though the
flame outside the rocket engine appeared very bright to the naked
eye, it was not bright enough to appear in the high-speed photographs.
Figure 15 further shows that in the divergent section of the nozzle
a pattern in which the Mach lines are discernable was burned into
the plastlic sldes. -

The plastic sides alone form an interesting record of the run
by showing variations in the injector actlon by burning to a greater
depth in line with some of the propellant streams. If such burning
occurs more on one plate than the other, poor alinement of the

‘ propellant streams is indicated. The sides also show some of the

Plow variations perticularly around the turbulence projections and
in the nozzle region. In most cases, the nozzle throats were burned
deeper at the edges than in the middle indicating either higher
velcclties or temperatures at the edges. In the dlvergent sectlon
of the nozzle, the Mach angle can be measured from the pattern
formed there, thus giving en additicnal check on the calculated
conditions. In the runs presented herein, however, conditions varied
too greatly from the beginning to the end of the run for such a
measurement to have much value.

For meny of the runs, measurement of the veloclty of the
propellant gases was possible 1n the ccambustion chaember by observing
the movement of & nonluminous pocket. With the use of this value
along with measured values for the ccmbustion-chamber pressure,
weight flow, and area in accordance with the following equation, the
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combustion tempersture divided by the molecular welght of the
products (T,/m) can be determined:

Ty VoPoho

m WR (1)

where

T, combustion-chamber temperature

m average molecular welght of ccmbustion gases

Vo @gas veloclty in combustion chamber

Ps combustion-chamber pressure

A, cambustlion-chamber cross-sectional area

W total propellant welght flow

R universal geas constant

In these experiments, the cross-sectlonal area and combustion-
chamber pressure caontinually changed and there was iInsufficlent
timing correlation to determine values for the pressure and the
aree at the exect time for which the veloclity was measured. These

measurement uncertesintles allow cnly an epproximste measurement
of T,/m by the use of eguation (1). The ratio To/m can be

determined from other measured quantities, thus

_(Ltl_
T < '%EY LS EL] e (2)
m - \'C 7+l 78R

whers

Ay nozzle-throat area

M combustion-chamber Mach number
7 ratio of specific heats

& acceleration due to gravity

2RA
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Equation (2) cen be derived fram Bernoullli's equation by assuming
an isentropic process. The ratic of specific heats cannot be
experimentally measured but the use of the theoretical wvalue of the
ratlo of specific heats introduces only a small error. For most
rocket engines, the effect of combustion-chamber Mach number is so
small that it can be neglected. In the experiments reported, the
nozzle-throat area varlied greatly during the runs and consequently
the use of equation (2) to determine ‘I'c/m is also subJject to
measurement uncerteintles. The rapld erosion of the throat could
be prevented by the use of an gll-metal throat section at the
sacrifice of the view of the throat but thils possibility was not
trled. The following table presents the ratio of the measured
values of T./m as determined by the use of equations (1) and (2)

to the theoretical values of Tg/m:

Run InjJection System Theoret- Measured Te /m
lcal Theoretical T,/m
'I'c/m o

Equation (1)|Equetion ¢2)

3 }Single intersecting Jets
wlth turbulence
projections 244 0.57 0.46

8 |Multiple Intersecting Jets
without turbulence
projectlons 250 0.46 0.39

16 |Enzian injector 260 0.71 0.65

The areas used for the values shown in the table were those for the
start of the run. Other values used were taken at the maximum
combustion~chamber pressure. During each run the nozzle-throat
aree. changed by & factor of 2, hence the measurement uncertaintles
for the varisbles of equation (1) were probably less than those for
equation (2). By use of equation (1), the results show that the
measured T,/m varies from about 50 to about 70 percent of the

theoretical Tg/m.

When Tc/m is kmown, computation of the speed of sound through
the combustion gases and thus the varlous natural frequencies of the
chamber 1s easy. By the use of an average value of Tc/m as
obtained by means of egquation (1) and a theoretical value for the
ratio of specific heats, the following values were determined for
the natural frequencles of the combustion chamber:
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Dimension Frequency
(cps) *
o]
Length 1800 S
Width _ 6000
Thickness 33,000

On the ccmbustion-chember-pressure vibration records, two vibra-
tion fregquencles were prominent throughout the runs: one at approxi-
mately 1900 cycles per second and the other at approximately

25,000 cycles per second. These vibrations therefore approximately
correspond to the natural frequencies for the length and thickness

of the chamber. Further investigetions will be needed to verify
this result.

Occasionally a frequency of about 4000 cycles per second was
recorded and this frequency was found to be the natural frequency
of the thrust stand. During the start of many of the runs, a
distinct vibration of 100 to 300 cycles per second existed. This
vibration corresponds to a brightening and dimming throughout the .
entire combustion chamber, as 1s shown In figure 7. Samples of
the various vibration records are shown In figure 186.

SUMMARY OF RESULTS

The following results were obtained from an investigatlion of
combustion of liquid oxygen and gasoline in & transparent-sided
rocket engine:

l. The fleme front did not start at the intersection of the
propellant streams but extended almost to the faces of the injectors.

2. Combustion-chamber-pressure vibrations were recorded that
approximetely corresponded to the resonant frequencies of the
length and thickness of the combustion chamber; these vibratilons
were the only definite frequencies recorded during the stable
portion of the rumn.

3. All seven of the injection systems investigated showed
considereble nonuniformity of combustion. The single intersecting
jets without turbulence projections, the multiple intersecting
Jets with turbulence projectione, and the premixing jets gave the
most uniform combustion patterms.
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4. The measured value for the combustion chamber temperature
divided by the molecular weight of the combustion gases varied from
ebout 50 to 70 percent of the theoretical wvalue.

5. The luminosity of the combustion gases decreased very
rapldly as they passed into the divergent section of the nozzle.

Flight Propulsion Research Laboratory,
Netional Advisory Committee for Aeronautics,
Clevelend, Ohio.
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TABLE I -~ EXPERIMENTAL AND CALCULATED DATA FOR COMBUSTION
Photographic data at approximately
Run Injection Number of Peak |Time from |Gasoline| Liquid- Total
syatem turbulence |thrust|fuel start flow oxygen |propellant
projections| (1b) (sec) (1b/sec)| flow flow
(1b/sec) | (1b/sec)
1 |Single intersect- .
ing jets 0 75 mmren e rerre e et e m -
2 e === - - - 2 53 0.63 0.174 0.208 0.472
3 |DOy = = = = = = = 2 109 1,18 173 «313 -486
4 |[DO¢ = = = = - = = ] 96 i.48 156 «325 «481
5 |Multiple inter-
secting Jets o} 58 1.25 171 «325 «496
6 IDOy = = ~ = = = = 0 98 «87 173 «470 «643
7 |DOs = = =~ = = = = 0 il2 1.10 «167 +»495 »662
8 |DOe = = =~ = = = - 0 84 +86 <173 «340 +513
9 |DOe =« = « = = = = 0 ————— «96 »175 +570 »740
10 |DOy = = .= = = = = 0 91 1.10 «171 «350 «521
11 |Doe = & ~ = = =~ = 0 110 1.28 .161 445 «606
12 |DO¢ = = = = = = = 2 113 «89 178 «346 524
13 |DOe = = ~ = = = = 2 - 1,08 «178 «352 +530
14 |DOe = = ~ = = = = 2 72 74 «179 .£32 411
15 {Enzian 2 (a}) 1.28 177, .240 417
16 |DOe = = = = = = = 2 115 1.27 <175 4216 «591
17 |Two palr of
intersecting
Jjeots 0] 73 1.50 «178 «240 «418
18 [DO¢ = = =~ = = = = (o} 65 1.40 «157 2212 €
19 |Premixinge (o} —————- 1,33 .158 «397 +«556

8 nen no combustion-chamber pressure was recorded, date recorded sbout 1

second after start are shown.,

bSpecific impulses were calculated on only propellant flows and did not consider
welght of plastic consumed.

CInjectors exploded during run.
Approximately 100 pounds.
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OF LIQUID OXYGEN AND GASOLINE IN TRANSPARENT-SIDED ROCKET

maximum combus tion-chamber pressure?
Llquld=- Gasoline Combustion- Oxygen-|Specific|Inlitial (Characteristic
oxygen injection chsmber gasoline |impulseP| throat veloocl
in jection | pressure pressure ratio {sec) ares (ft/sec
pressure (1b/sq in.) (sq in.)
(1b/sq in.)} {1b/sq in.)
187 316 122 1.72 112 0.256 2420
316 456 230 1.81 224 «254 3910
220 298 180 2.18 200 274 3600
275 305 194 1.90 117 .288 3950
363 360 228 2,72 152 «285 3500
370 350 223 2.97 169 -
305 360 230 1.97 164 - -
350 190 —————————a- 3.26 -
290 340 215 2,05 175 259 3720
370 300 242 1.77 182 - -
273 313 reecmce———— 1,04 216 0284 jemcac—a= e————
238 184 —————— - 1.98 -— -
250 278 173 1.30 175 -259 3870
290 600+ 196 1,36 [==== —— -
366 600+ 246 2.38 195 «260 3730
236 600+ 176 1.35 175 «258 3850
232 554 164 1.35 176 ————————
170 218 50 2,52 [===== —— «263 1000
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(b) Unassembled.

v il Ll
igniter.
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Figure 3. - Contour and injecticn plates squipped with aingle-intersecting jJete and gaseous oxygen - alochol igniter,
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Figore 4. » Contour and injegtion plates






—m

con Wd YOUN

m
®
mn
o







HHESSHEESEEY<RTIddENRoNORErNAHKMAEND QW >

Becondary oxygen presscure regulator
Primary oxygen presasure regwlator
Oxygen-supply presmre gage
Fillter

Fhreo-way air-operated valve
Three~way polenold valve

TAanid ~-oxvoan floomatar dial
AL "URTEA AL a TR e

Coxbustion-chanber pressure gage
Gasscna-axygen supply tank

Closk
Lignid-oxygen~tank pressure gage
Ligquid~axygen tenk

Gapoline ~nozzle presdsurs gege
Lignid~-oxygen-nozzle pressure gage

Rotameter

Data camere

Gaﬁﬁlim-wuy PXe85UTC SR80S
Pregemre tap

Pressure vibratiom pilckup

Liguid -oxygen fiowmster element
Two-way air-~operated velve

Cambustlion chamber

Saulb
Propellant control valve - llquid oxygen
Aotnating air cylinder
Propellant comtrol valve - gasoline
Small pressure tank

Hydraulic resistance

Rellief valve

Gagoline pumps

Electrio motor

Secondaxy nitrogen pressure regulator
Primary nftrogen pressure regulator |
Nitrogen £11ling comnection —
Gagoline tank
Nitrogen supply tank

Shaded. aree shows Instrubments recorded by data camera

Figure 6. - Dingrammatic sketoh of propellant and oontrol. system for transparent-slded.
rooket engine.
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* Figure 7. - Starting explosions in transparent-slded rocket englne using liquid oxygen and
gasoline and having mmltiple-intersecting Jets with turbulence projections. Run 14;
inberval between frames, 1.66 milliseconds at frams 1 deorsasing to 1.44 milliseconds

at frame 60,
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Figure 15. - Plastic plate after run of 1.5 seconds and combustion Thotograph teken through
same plate. Run 3.
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R 5. 74 microssconda NN

Y, NJ‘V

4000 oycles per second

(a) Before start of run ,,

2.17 microseconds ol

25,300 oycles per second

(b) After start of run.

C-21547
5. 26.48

2.30 microseconds g ——-]

;< R

i

1900 cycles per second B 25,200 cycles per second

(c) Near end of run.

Figure 16. - Combustion-chamber-pressure vibration Tecords using a magnetostriction-type
pressure pickup. Run 11.
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